The oxygen isotope fractionation associated with O + CO → CO 2 reaction was investigated experimentally where the oxygen atom was derived from ozone or oxygen photolysis. The isotopic composition of the product CO 2 was analyzed by mass spectrometry. A kinetic model was used to calculate the expected CO 2 composition based on available reaction rates and their modifications for isotopic variants of the participating molecules. A comparison of the two ͑experimental data and model predictions͒ shows that the product CO 2 is endowed with an anomalous enrichment of heavy oxygen isotopes. 
The oxygen isotope fractionation associated with O + CO → CO 2 reaction was investigated experimentally where the oxygen atom was derived from ozone or oxygen photolysis. The isotopic composition of the product CO 2 was analyzed by mass spectrometry. A kinetic model was used to calculate the expected CO 2 composition based on available reaction rates and their modifications for isotopic variants of the participating molecules. A comparison of the two ͑experimental data and model predictions͒ shows that the product CO 2 is endowed with an anomalous enrichment of heavy oxygen isotopes. The enrichment is similar to that observed earlier in case of O 3 produced by O+O 2 reaction and varies from 70‰ to 136‰ for 18 O and 41‰ to 83‰ for 17 O. molecules in the other. The ␦ 13 C value of CO 2 is also found to be different from that of the initial CO due to the mass dependent fractionation processes that occur in the O + CO → CO 2 reaction. Negative values of ⌬͑␦ 13 C͒ ͑ϳ12.1‰ ͒ occur due to the preference of 12 C in CO 2 * formation and stabilization. By contrast, at lower pressures ͑ϳ100 torr͒ surface induced deactivation makes 
I. INTRODUCTION
The occurrence of anomalous heavy isotope enrichment in ozone has been established by a series of measurements in stratosphere and laboratory. Mauersberger 1 observed that the ozone in stratosphere is enriched in 18 O by as much as 400‰ relative to air oxygen. Later, evidence of mass independent enhancement of two heavy isotopologues of ozone ͑ 49 O 3 and 50 O 3 ͒ was reported for stratosphere 2,3 as well as in ozone produced in the laboratory. [4] [5] [6] [7] [8] Early attempts to explain these anomalous isotope effects lead to the conclusion that symmetry controls the relevant fractionation process. During the last 25 years, several theoretical models have been proposed to explain this anomalous enrichment. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In recent years, measurement of specific rate coefficients [24] [25] [26] [27] of several possible ozone forming channels has brought out the complexities of the isotopic enrichment process. There are surprisingly large differences in the rates of formation of various ozone isotopomers and isotopologues, which suggest that molecular symmetry operates along with many associated quantum restrictions for generating this anomaly. As of now, the underlying microscopic process causing such a large anomalous effect is not clearly resolved though influence from molecular symmetry is suspected to be the principal cause. A phenomenological theory [13] [14] [15] [16] [17] [18] [19] has been proposed recently based on a modification of the standard RiceRamsperger-Kassel-Marcus ͑RRKM͒ model of unimolecular dissociation, which calculates isotopic fractionation in ozone produced by O + O 2 recombination reaction under restrictions of symmetry. The role of symmetry in causing isotopic anomaly can be further constrained if reactions other than O + O 2 reaction can be investigated. One such reaction is O + CO → CO 2 , which should also produce a mass independent oxygen isotopic fractionation in the product CO 2 because the relevant isotopic symmetry of O + CO is same as that of O + O 2 . Carbon being the central atom does not play a direct role in the fractionation of oxygen isotopes. Therefore, the study of O+CO→ CO 2 reaction offers a nice possibility to test the validity of non-RRKM theory of Marcus and his co-workers for nonozone systems.
The O + CO reaction was first studied by Bhattacharya and Thiemens 28, 29 ͑BT͒ who demonstrated a large mass independent oxygen isotopic enrichment in the product CO 2 . However, for several reasons there is a need for further investigation. In the BT experiments, O 2 was dissociated by UV light ͑in presence of a large reservoir of CO͒ to generate oxygen atoms, which subsequently react with CO to produce CO 2 . They observed a large variation in ␦ 18 O ͑10‰-60‰͒ of the product CO 2 . The oxygen atoms in CO 2 come from two sources having different isotopic compositions, a wellcharacterized CO reservoir and an isotopically unknown O atom reservoir. In BT experiments, presence of UV light allows many parallel reactions to occur with attendant complications. For example, O 2 dissociation produces both O͑ 1 D͒ and O͑ 3 P͒. The O͑ 1 D͒ can undergo an isotopic exchange with CO while quenching and produce isotopically depleted O͑ 3 P͒ which modifies the original O pool composition. Moreover, UV dissociation of O 2 also produces enriched ozone whose subsequent dissociation generates enriched O atoms. These two sources of O͑ 3 P͒ introduce complication in determining its composition and the enrichment observed in product CO 2 is therefore difficult to interpret. One of the motivations behind the present experiment was to achieve a better constraint on the O atom composition. In our experiment, ozone with known isotopic composition was photodissociated using visible lamp to produce only O͑ 3 P͒. Additionally, in BT experiments, as a parallel process, the product CO 2 dissociates at 184.5 and 130 nm, producing lighter oxygen molecules. 30 Thus, the left over CO 2 gets enriched in heavy oxygen isotopes by an uncertain amount. Moreover, to avoid isobaric influence of 13 C the product CO 2 was converted to O 2 by reacting it with bromine pentafluoride ͑BrF 5 ͒, which requires somewhat large amount of CO 2 ; this can introduce uncertainty in the case of small CO 2 .
In case of ozone, a short lived excited complex forms during the recombination reaction which transfers its extra energy by collision to the bath gas molecules in order to become a stable molecule. This deactivation collisional stabilization process has a mass dependent fractionation. In case of ozone molecules it is not possible to separate the mass dependent part of total fractionation experimentally. Study of O+CO→ CO 2 reaction gives an opportunity to quantify the mass dependent fractionation that occurs through analysis of carbon isotopes since carbon being the central atom in CO 2 is not affected by the symmetry related part of the fractionation process. The ␦ 13 C of the product CO 2 was measured in the present case.
II. EXPERIMENTAL DETAILS
To investigate the O + CO → CO 2 recombination reaction, four different sets of experiments were carried out. In sets 1-3 ozone was dissociated by visible light to produce O atoms whereas in set 4, O atom was produced by dissociating pure O 2 with UV light ͑as in BT͒. CO was taken directly from a cylinder of high purity. The isotopic composition of tank CO is ␦ 16 O abundance ratios close to that of the O 2 was made ͑by converting nearly 100% of O 2 by Tesla discharge͒. In set 3 samples, ozone was produced in a 5 l chamber fitted with a MgF 2 side window ͑2 mm thick and 24 mm diameter͒ by irradiating oxygen at 300 torr with UV light generated by a Hg resonance lamp ͑184.9 and 253.6 nm͒ driven by a microwave generator.
The product ozone was frozen by liquid nitrogen ͑LN 2 ͒ and the remaining oxygen pumped away until 2 mtorr pressure ͑vapor pressure of ozone at LN 2 ͒. Keeping the ozone in condensed form in LN 2 temperature, CO was admitted to the reaction chamber ͑between 7 and 447 torr pressure͒. Subsequently, the liquid nitrogen trap was removed and the O 3 -CO mixture ͑in room temperature͒ was photolyzed by visible lamp ͑a halogen-filled tungsten projection lamp, type Philips 13163, 24 V input, 250 W output power; the emission of the lamp was from 350 to 900 nm͒ for 30-360 min.
(ii) Photolysis of ͑O 2 +CO͒mixture by UV light (set 4). In set 4, approximately 100-400 mol of O 2 was taken in the 5 l chamber. Subsequently, CO at a pressure of 10-26 torr was taken and the O 2 -CO mixture was photolyzed with UV photons from a Hg lamp for 350-1330 min.
(iii) Measurement of ␦ 18 O, ␦ 17 O and ␦ 13 C of the product CO 2 . After photolysis, the product CO 2 and left over ozone, if any, were frozen and noncondensable gases ͑CO and O 2 ͒ were pumped out. To separate CO 2 from the left over ozone, the condensed gases were transferred to a chamber containing cleaned nickel foil and heated to 120°C to decompose any ozone. In most of the experiments, the quantity of O 2 resulting from ozone dissociation on hot nickel surface was not measurable and pumped out. Subsequently, pure CO 2 was collected for isotopic analysis. Control experiments showed that the fractionation produced by hot nickel surface is less than 0.06‰ for ␦ 45 CO 2 and 0.1‰ for ␦ 46 CO 2 and can be neglected.
To resolve the isobaric effect of 13 C in CO 2 of mass 45, the equilibrium exchange method of CO 2 with hot CeO 2 was employed. 31 The sample CO 2 was first analyzed in the mass spectrometer and then transferred to the CeO 2 reaction chamber ͑kept at 650°C after flushing it with oxygen gas͒. After exchange, the CO 2 was collected back and reanalyzed. ␦ 13 
III. RESULTS

A. Oxygen isotope fractionation
The results of photolysis experiments pertaining to set 1 are given in Table I and shown in Fig. 1 The ␦ values of CO 2 produced in sets 3 and 4 are summarized in Table II 17 O values of set 3 CO 2 samples are 74.7‰ and 64.1‰, respectively and for samples of set 4 they are 55.4‰ and 51.9‰. As mentioned before, in sets 3 and 4 two different sources of O atom were used. In set 3, O 3 + CO mixture was photolyzed in the presence of visible light whereas in set 4 a mixture of O 2 and CO was photolyzed using UV light from Hg lamp for various time periods. 
B. Carbon isotope fractionation
It is interesting to note the nature of pressure variation of ␦ 13 C of CO 2 ͑relative to the starting CO composition and defined by ⌬␦ 13 C=␦ 13 C ͑CO 2 ͒ − ␦ 13 C͑CO͒͒. ⌬␦ 13 C and CO pressure for all the four sets are listed in Table III and plotted against each other in Fig. 4 
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O of ozone and ϳ7 mol variation in its amount. Average ozone amount used for the reaction was ϳ81 mol. C value is −12.1‰, which is close to the expected value ͑discussed in the text͒. The pattern suggests a surface effect at lower pressures. In sets 3 and 4, experiments were carried out in a 5 l chamber where the surface effect is smaller due to lower surface/volume ratio. the laboratory data. The approach to use this model is described below.
(i) Performance test of the KINTECUS model in case of ozone dissociation: Determination of ozone dissociation rate constant (k 1 ). The process of ozone dissociation has been studied earlier by many workers including our own group 33 and this was used as a test case. Two additional motivations prompted this. First, we needed to determine the ozone dissociation rate constant that should be used in our experimental configuration as it depends on the integration of the product of flux of photons at a given and corresponding cross section of absorption over the wavelength range given by the tungsten lamp. This parameter was estimated by comparing the total amount of O 2 produced ͑when a given amount of ozone with known isotopic composition was photolyzed by the same lamp in the same chamber͒ with the value predicted by the model. After photolysis, the isotopic composition and amount of product oxygen and left over ozone were measured.
( 34 DeMore et al., 35 Janssen et al., 27 and some were calculated based on the collision correction. Delta for a given heavy isotope in a molecular species is defined relative to VSMOW by calculating the ratio of the total concentration of that isotopomer ͑singly substituted species only͒ to the total light isotope concentration considering all the isotopomers of that molecule. We assume that during ozone photolysis the O atom is derived only from the base position. 36 An important issue, therefore, is how to obtain the isotopic composition of the base atoms since composition of the base atom relative to the total ozone is not known a priori for all enrichment levels. When ozone is highly enriched ͑40‰ or above͒ abundances of asymmetric ozone species are calculated using the formula given by Janssen 37 relating enrichment ͑in 18 O͒ in asymmetric species, E 50 ͑relative to its statistical abundance͒ with enrichment in total ozone: E 50 ͑asymmetric͒ =−1.7+ 1.33 ϫ E 50 ͑total͒ −0.0038ϫ ͑E 50 ͒ 2 , otherwise asymmetric abundance was taken to be same as that of initial ozone. The same relation is assumed for calculating enrichment E 49 ͑asymmet-ric͒.
It is relatively more difficult to break O -Q and O -P bond than the O -O bond since their bond energies are slightly higher. Therefore, dissociation rates for O -Q and O -P bond are lower by 0.972 and 0.988 compared to O -O bond. 38 Note the factor 0.5 for rate constants in reactions involving two product channels. For the isotopic exchange reaction ͑reaction set R2͒ between Q and OO, the forward exchange rate k 8 was taken from Anderson et al. 34 The equilibrium constant K eq for this reaction was calculated using rigid rotor harmonic oscillator approximation ͑following Kaye and Strobel 9 ͒ and the backward exchange rate was obtained. k 11 was calculated in a similar way. For ozone formation reaction ͑R3͒, most of the rate constants were taken from the recent experimental data of Janssen et al. 27 Additional factor of 0.5 is applied to account for the symmetry number for obtaining each rate coefficient. The reaction set R4 describes a secondary channel of ozone dissociation by its collision with O atom. Plugging in the initial ozone concentration and the photolysis time as input parameters the dissociation rate in the model was adjusted to get the observed amounts of product oxygen and left over ozone. We obtained a value of 2.5 ϫ 10 −3 as the best estimate for k 1 .
To obtain the isotope ratios, the KINTECUS model was run to simulate the ozone dissociation process after plugging in the initial ozone concentration and isotopic composition with k 1 = 2.5ϫ 10 ͑See text͒ R͑1Qa͒ 
Reaction sets R1-R4 were included in ozone dissociation model whereas for experiments involving photolysis of ͑O 3 +CO͒ mixture by visible light all the reaction sets ͑R1-R6͒ were considered. 
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showed that during ozone photolysis in UV light, production of singlet species ͑O͑ 1 D͒, O 2 ͑ 1 ⌬͒͒ takes place in 90% cases whereas only in 10% cases triplet products form. Therefore, rate constants of reaction sets 2 and 3 are multiplied by factor of 0.9 and 0.1, respectively.
B. Model results
(i) Oxygen isotope enrichment.
The oxygen isotopic compositions ͑in ‰ relative to VSMOW͒ of CO 2 predicted by the simulation model corresponding to various sets are summarized in Tables I and II To explain the positive ⌬␦ 13 C value ͑in sets 1 and 2͒ at low pressure we invoke the concept of surface mediated stabilization mechanism that is expected to occur at lower pressures. Surface-induced stabilization helps the activated complex to loose its extra kinetic energy quite efficiently and become a stable molecule. We postulate that the activated complex CO 2 * has a long-range weak interaction with a reactive atom of the surface forming a transient bond. The amount of energy released from the activated complex is absorbed as vibrations of the lattice and dissipated as heat from the surface. The complex remains on the surface for a short time determined by its sticking coefficient and vibrates in a shallow potential well. The process can be written as CO 2 * +W→ ͑CO 2 *¯W ͒ → CO 2 + W. In a surface induced stabilization process, transfer of excess energy depends mainly on the sticking coefficient of the molecule. A recent study 43 has shown that sticking coefficient is higher for heavier isotopomers due to their lower zero point energy. Therefore, 13 CO 2 * is expected to have a larger sticking coefficient and therefore, more chance to form stable molecule. It is not clear as to how much enrichment occurs due to this process but a value of ϳ10‰ would account for the maximum observed value of ϳ3.8‰ after canceling the offset of −6.3‰ ͑due to O and CO collisions in gas phase as explained above͒. In a range of 50-110 torr, ⌬␦ 13 C have positive as well as negative values and show large variation from −4.1‰ to +0.9‰. This could be due to competitive influence of surface induced stabilization and deactivating collisional stabilization the former having temperature dependence. The role of surface is supported by comparison of sets 3 and 4 data with sets 1 and 2 data, e.g., for samples AS1 ͑set 3͒ and A15 ͑set 1͒, AC6, AC7, AC8, and AC9 ͑set 2͒. All these experiments were done at the same pressure ͑12-14 torr͒, FIG. 5 . Variation of factor f ͑which enhances CO 2 production by increasing ͓M͔͒ with pressure. f increases with decrease in CO pressure suggesting increased importance of surface induced stabilization of CO 2 * . For high CO pressure or experiments done in 5 l chamber, f ranges from 1 to 55 whereas for low CO amount, value of f could be as high as ϳ1270.
but they show large difference in ⌬␦ 13 C value ͑−10.7‰ -2.0‰, respectively͒. AS1 experiment was done in the 5 l chamber, which minimized the role of surface during the recombination process resulting in negative ⌬␦ 13 C value. It is noted that there is no anomalous enrichment in carbon isotope since carbon being the central atom in CO 2 molecule is not affected by the symmetry related part of the total fractionation process.
There is considerable difference ͑40‰-50‰͒ between the enrichments observed in 18 O/ 16 O and 17 O/ 16 O ratios of CO 2 produced in 70 cc reaction vessel ͑sets 1 and 2͒ and in 5 l reaction chamber ͑sets 3 and 4͒. The exact reason for this difference is not clear but part of it could be due to the effect of surface. The surface effect can be seen clearly from the oxygen isotopic composition of CO 2 in samples AS1 and AC17. Both the experiments were done at low pressure with nearly the same ozone composition. In AS1 ͑5 l͒ the isotopic composition of CO 2 is less by 28.8‰ in 18 O than that of AC17. We also note that AS1 sample has lower ⌬␦ 13 C value ͑by 14.5‰͒. Assuming that surface induced stabilization is essentially a mass dependent effect, a lower ␦ close to the observed number. Possibly this is also the reason for getting lower values of ␦ 18 O in samples of set 3. Considering all the sets, the contribution of surface effect in ⌬͑␦ 13 C͒ is ͑on average͒ about 18‰ which implies lowering of ␦
18 O by about 36‰. The mass independent effect is considerably reduced when the recombination occurs on the walls of the reaction vessel since wall-induced deactivation of the vibrationally excited intermediate 6, 19 is expected to obey simple mass dependence.
C. Simulation of earlier O + CO experimental data
We also reexamined the experimental data of BT ͑Refs. 
Reactions
Rate coefficient
tions were nearly the same. Data from both sets of experiments are plotted in Fig. 6 . A small difference in enrichment could be due to low CO / O 2 ratio ͑6-53͒ in set 4 as compared to that of BT experiments where this ratio was much higher ͑178-423͒. 
V. IMPLICATIONS
The present set of experiments confirms the earlier results of BT and establishes the level of anomalous oxygen isotope enrichments in product CO 2 arising from O + CO reaction. Marcus and co-workers [13] [14] [15] [16] [17] [18] [19] proposed and developed a phenomenological theory, which has been fairly successful to explain many features of the unusual isotope effect associated with ozone formation processes. This theory is based on restrictions of symmetry on the process of energy sharing among the rotational/vibrational states of the ozone isotopomers and their influence on the rate of stabilization of a given ozone isotopomer. They introduced a symmetry driven parameter , which denotes a small relative deviation from the statistical density of states for symmetric isotopomers ͑density of states is reduced by a factor of ͒ compared with asymmetric isotopomers. As mentioned by Marcus, 19 the effect could arise from both intramolecular and intermolecular energy transfer properties of a molecule.
We apply the same arguments to explain the enrichment in CO 2 case. Collision of Q and CO or O and CQ involves formation of a rovibrationally excited OCQ * complex which must redistribute its excess energy among the available vibrational-rotational modes to become stable OCQ. The process of energy randomization depends on the strength of vibration-rotation and vibration-vibration couplings as well as the number of pathways. Asymmetric OCQ * has a com- O. For sets 3 and 4, CO 2 has higher enrichments ͑probably due to mass dependent fractionation͒ compared to that in sets 1 and 2 but the slope is similar ͑ϳ0.8͒.
paratively stronger coupling due to the presence of anharmonic vibration-vibration and Coriolis vibration-rotation coupling terms compared to the symmetric species OCO * . So it is relatively easier for OCQ * to redistribute the excess energy among its modes as compared to OCO * . The faster randomization yields a longer lifetime of that particular complex. This results in a higher formation rate for OCQ type.
The intramolecular effect thus depends on the symmetry type of isotopologues.
Gas phase chemical reaction rates are strongly dependent on the intermolecular collisional energy transfer. In the intermolecular collisional energy transfer, energy is transferred between the excited CO 2 * and a bath gas molecule in discrete steps of ⌬E per collision. The energetic molecule with energy less than ⌬E above the threshold leads to a deactivated molecule. Energy transfer from rotation to translation ͑R → T͒ and vibration to rotation ͑V → R͒ is more efficient than vibration to vibration ͑V → V͒ and vibration to translation ͑V → T͒. Energy transfer rate depends on the number of rotational and vibrational states present in CO 2 * near the dissociation limit and on the coupling between them. The density of states in OCQ * is twice more than the symmetric OCO. Therefore, the transfer of excess energy is more efficient which leads to a higher rate of formation of OCQ. The formation rate also depends on amount of energy transferred per collision ͑⌬E͒. If ⌬E is small a weak collision is sufficient for energy transfer. Since ⌬E is smaller for OCQ * ͑compared to OCO͒ randomization is faster and the rate of formation of OCQ is higher. Therefore, both the intramolecular energy randomization and intermolecular energy transfers lead to higher rate of formation of asymmetric molecules ͑i.e. heavy isotopomers͒. Since the symmetry is independent of mass, the enrichment in CO 2 shows a nonmass dependent effect.
A. Comparison of enrichments in CO 2 and O 3
Ozone has two isotopomers corresponding to mass 50: 16 O͒. At a pressure of about ϳ30 torr a total enrichment of about 130‰ in ozone ͑both species͒ is observed corresponding to an enrichment of ϳ150‰ in asymmetric ozone. Our experiments show that enrichment in CO 2 varies from ϳ124‰ to 136‰ in the CO pressure range of about 14-28 torr. For comparison, only sets 3 and 4 data are to be considered because other data show a relatively lower enrichment due to the surface effect ͑discussed above͒. Therefore, the average enrichment in CO 2 ͑ϳ135‰͒ is less than that of ozone ͑ϳ150‰͒ by about 15%.
We may speculate about the reason for ϳ15% lower enrichment in CO 2 . This could be due to the presence of relatively larger density of states ͑͒ in CO 2 near the threshold of dissociation. The magnitude of at threshold depends on the dissociation energy of the molecule. CO 2 has relatively higher dissociation energy of about 5.5 eV compared to O 3 ͑ϳ1.1 eV͒; so the value of is comparatively higher for CO 2 than O 3 . The enrichment is expected to be a function of ⌬ / where ⌬ is the difference between the density of states of asymmetric and symmetric species. A smaller value of this ratio means less discrimination and the molecule is "less apt to show nonstatistical behavior." 19 Since the ratio ⌬ / is less in CO 2 , it has lower enrichment.
There is another way to look at the effect following Bates. 10, 11 It is known that in a coupled oscillator the transfer of energy between the two oscillators occurs with a frequency, which is the difference in the two normal frequencies or so-called "beat frequency." Higher the beat frequency faster is the energy transfer and consequent randomization. In molecules, energy gets transferred from one mode to the other in a similar way. The asymmetric and symmetric stretch mode frequencies in O 3 are 1104 and 1039 cm −1 and in CO 2 they are 2439 and 1388 cm −1 . The beat frequency ͑ 1 − 2 ͒ in CO 2 is 961 cm −1 which is higher than that of O 3 ͑65 cm −1 ͒. Therefore, the flow of energy within the modes is comparatively faster in case of CO 2 , which results in less discrimination.
B. Investigation of effect of nuclear spin on O + CO reaction
It is interesting to investigate the effect of nuclear spin on the reaction O͑ 3 P͒ +CO͑ 1 ⌺ + ͒ ↔ CO 2 * ͑ 3 B 2 ͒ → CO 2 ͑ 1 ⌺ g + ͒. The overall reaction is spin forbidden. The perturbation produced by the spin-orbit coupling in the molecule can, however, make it go. It is possible that nuclear spin can play a role in the triplet-singlet transition part of the reaction as a result of which the rate of formation of CO 2 containing 17 O and 13 C may be enhanced since 17 O has spin of 5 2 and 13 C has of 1 2 . However, our experiments do not show any unusual enhancement which can be ascribed to the spin effect. The reason for this becomes clear as we outline various steps of the reaction as follows. The collision of a triplet O atom with a singlet CO molecule results in the formation of an electronically vibrationally excited CO 2 * in a triplet state ͑ 3 B 2 ͒. To become stable, it has to give away its excess energy through a series of collisions with the surrounding molecules. While doing so it steps down the ladder of vibrational levels ultimately reaching the lowest vibrational level of the same electronic state ͑ 3 B 2 ͒. Transition from this triplet state to the singlet ground state by photon ͑radiation͒ emission is forbidden. However, this transition can occur in the presence of a spin-orbit coupling in the following way. According to Clyne and Thrush, 44 CO 2 * undergoes a radiative transition from the triplet state ͑ 3 B 2 ͒ to a low-lying triplet state followed by radiationless transition to the singlet ground state
The reversal of spin occurs in the latter step due to spin-orbit coupling. Since all molecules in this state are destined to make the transition ͑aided by either electron spin or nuclear spin͒ there is no isotope selection in this step.
VI. CONCLUSION
A set of experiments were carried out to study oxygen isotope fractionation in CO 2 formed by O + CO reaction. The expected isotopic composition of the product CO 2 was computed using a commercially available model of chemical reaction simulation ͑KINTECUS͒ incorporating standard mass dependent reaction rate constants. The isotopic composition of the product CO 2 is found to be anomalously enriched in heavy oxygen isotopes relative to that expected based on the simulation. The enrichment in heavy oxygen isotopes of CO 2 varies from 70‰ to 136‰ and 41‰ to 83‰ in 18 O and 17 O, respectively. The enrichment is not dependent on the isotopic composition of O atom used for the reaction since it is nearly the same irrespective of the sources from which it is produced. The level of enrichment seen in the CO 2 produced by O + CO reaction is in general similar to that observed earlier in case of O 3 produced by O + O 2 reaction. Since both these reactions involve symmetric and asymmetric product molecules ͑ 16 ͒ the mechanism proposed for explaining the isotopic enrichment in ozone by Marcus and co-workers may be applicable for CO 2 . Small difference ͑ϳ15% ͒ between the two cases ͑lower enrichment in case of CO 2 ͒ can be explained by a higher state density in case of CO 2 resulting in less deviation from statistical abundances.
It is interesting to note a change in carbon isotopic composition of the product CO 2 from the initial CO defined as ⌬͑␦ 13 C͒. The value of ⌬͑␦ 13 C͒ varies from −14.6‰ to 3.8‰ and the increase correlates with decrease in CO pressure. Negative values of ⌬͑␦ 13 C͒ obtained at high pressure of CO or done in bigger chamber suggests that if O + CO reaction occurs mainly in gas phase there is preference for lighter carbon isotope. At lower pressures, surface mediated stabilization assumes importance which makes ⌬͑␦ 13 C͒ value positive indicating preference for heavy isotope. No anomalous enrichment is observed in 13 C of CO 2 as carbon being a central atom does not participate in the symmetry related part of the fractionation process.
